The Structure of Myoglobin
Myoglobin was the first protein whose structure was solved in the pioneering X-ray diffraction experiment of John Kendrew [I] . Since then, the structure has been determined with ever increasing sophistication, e.g. Ref. [2] . A standard view of Mb can be found in many biochemistry or biophysics texts [3] . We show in Fig. 1 a more detailed view of Mb with several important features highlighted. Fig. 1 shows the elements that are essential for the function of Mb. The backbone is composed of eight a-helixes folded into a highly conserved geometry. Although the sequence homology between Mb and single subunits of hemoglobin is only 25 percent, the backbone structure is identical. Embedded in the protein is a heme group with a catalytically active iron atom at its center. The heme is covalently linked to the protein through a histidine, called the proximal His, His F8, or His 93. On either side of the heme are the two pronounced cavities, the Xel cavity on the proximal side and the heme cavity on the distal side, the side opposite to His 93. Molecules like CO, NO, or 02 can covalently bind at the iron on the distal side, and are bound by = 4kBT to the xenon cavities. Xel is one of four sites found to bind xenon when the structure is obtained under eight atm. xenon gas [4] , as indicated by spheres in Fig. 1 .
Three essential features are not readily seen in X-ray protein structures. 1) Hydration. ,
Proteins are surrounded by a shell of water molecules whose properties differ from that of bulk water. A few water molecules can also be buried inside the proteins. 2) Some residues, particularly His, but also Glu, Asp, Lys, and Arg can exist in different protonation states.
3)
The electronic structure of the protein can assume different states. The heme, in particular, is capable of three different oxidation states; Trp and Tyr can exist as long-lived radicals. All three of these structural aspects are critical in determining reactivity of the protein. Each of these structural features is a discrete variable; A cavity is either occupied by a molecule or not; a proton is either on N&, NC) or both, of a histidine; an electron is either on a tryptophan or the heme. The tertiary structure of the protein enforces correlations between different reactive sites of the protein: the backbone and covalent cross-links mechanically couple structural changes and dielectric properties determine the coupling energy between redox and protonation states.
Similar observations hold for the common motifs of phosphorylation, binding of ATP, c-GMP, and calcium, and cleavage of the peptide chain to activate or inactivate enzymes.
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Kinetics
Mb binds small molecules, often called ligands, such as CO or 02. The binding process has been studied in great detaiI through ffash-photolysis experiments [5, 6, 7] . 
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The Energy Landscape
The old textbook picture of protein folding and protein structure is simple: The primary sequence folds into a unique tertiary structure; each atom occupies one and the same position In particular, such a representation suggests that the path from one substate to another is well defined. In reality, however, there may be many pathways leading from one structure to another.
At present, there are two proteins where myoglobin and the photosynthetic reaction the energy landscape is known reasonably well, center [11] . Even in these two cases, however, the knowledge is still crude, possibly comparable to the knowledge of the atomic energy levels at the beginning of the last century. Two features are, however, clear. The landscape is organized hierarchically, and the barriers between subst ates are determined not only by the protein alone, but also by the environment. We consider here only the first aspect, the hierarchy, which means that there are valleys within valleys within valleys [12] . The different tiers in this hierarchy are distinguished by the average barrier height between substates.
Three different types of substates can be distinguished, taxonomic, statistical, and few-level [13] . At the top of the hierarchy are the taxonomic substates. They are few in number and so clearly different that their physical and chemical properties can be studied individually.
Typical barrier heights are of the order of 100 kJ/mol. Within each taxonomic substate reside a very large number of statistical substates, separated by somewhat smaller barriers.
They are so numerous that their characteristics must be described by distributions. At the bottom of the hierarchy are the few-level substates or tunnel substates that are similar to the well-known two-level states (TLS) in ordinary glasses [14] . Barriers can be so small that transitions among them can be observed even below 1 K. A simplified tree diagram of the high-dimensional ener~landscape, projected onto a single conformation coordinate, is shown in Fig. 2 .
The complexity of the dynamics of proteins is caused by the complexity of the energy landscape. Fig. 2 [18] ., Nevertheless, the main features of the reaction landscape in Fig. 3 Protein dynamics, the motions of the protein from one substate to another, are described in a highly simplified and schematized way as the motion of a marker in the energy landscape,
shown to the left of the cc. Two types of motions occur, relaxations and fluctuations. Relaxations are motions of the entire protein from non=equilibrium states towards equilibrium.
Fluctuations are transitions between substates in equilibrium. The two types are related by the celebrated dissipation-fluctuation theorem. In a flash photolysis experiment, the initial state is highly excited and relaxations are important.
Some aspects of the relevant protein dynamics have been known for a long time. The first step, the motion of the photodissociated CO to state B in the heme pocket, occurs even at very low temperatures and in a dehydrated protein. Within picosecond after breaking the Fe-CO bond, the iron moves out of the heme plane and changes its spin state [13] , and the CO moves to its docking site B [19] . These. transitions occur even at very low temperatures and hence are not affected by large scale fluctuations. Protein dynamics are nevertheless important. Without the ultrarapid, complex, vibrational motion of the iron out of the heme plane and the concurrent heme doming, rebinding from B would be much faster. This motion can be described as a gain of entropy of the binding site which provides the time needed for the ligand to escape before the covalent bond is re-formed. In the case of CO binding, it takes nanoseconds for the vibrations and CO to get together again for a binding event.
Relaxation and the corresponding fluctuations are essential for the CO motion to C, and D, although these motions are able to occur at times and temperatures where the bulk solvent is immobile. The details of the motions to C' and D depend critically on taxonomic substates and mutations [20, 21] . It is clear that the distinction between two of the taxonomic substates is the protonation state of His 64 [22,. 23] . The relaxation of the entire protein from the bound-state to the deoxy structure is slower, leading to the states DR and S, and occurs only above N 180 K. The timescale for the CO escape into the solvent coincides with the timescale for the entrance of water into the CO binding site, which further inhibits CO rebinding.
How far the protein relaxes towards equilibrium depends on time, temperature, and environment. At 300 K in a aqueous solvent, Mb probably is close to equilibrium within microseconds [24, 15] . In dehydrated proteins, embedded in a glass, only relaxation in the lowest tiers occurs. Similarly, equilibrium fluctuations at 300 K in aqueous solvents reach even high-lying substates with corresponding large-scale protein motions. At temperatures below about 150 K, fluctuations among statistical substates are absent.
The motion of the CO, described as motion of a marker in the reaction landscape, de pends crucially on the protein dynamics and hence e.g. on time, temperature, and other environmental factors. Mot ions of the CO from B' are tightly coupled to protein dynamics.
In a dehydrated protein embedded in a glass, the CO never moves beyond B [25, 6] . In a hydrated protein in a glass, the CO can move to C and D,
Fluctuations among substates are essential for these motions.
becomes possible in a glass above the glass temperature.
but cannot escape to S [5] .
Escape into the' solvent, S,
This brief description of CO behavior after photodissociation shows that dynamics and function, or in other words, energy landscape and reaction landscape, are tightly coupled. A full understanding of even an apparently simple process like dissociation and association of CO requires investigations over extended ranges in time, temperature, and sample conditions.
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